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® Optical waveguide device and optical second harmonic generator using the 



same. 



@ An optical waveguide device is disclosed which 
comprises a KTiOP04 single crystal substrate and 
an amorphous optical waveguide formed of Ta205 or 
TaaOs doped with Ti02. A second harmonic gener- 
ator device in the form of the Cerenkov radiation 



using the optical waveguide has high SHQ efficien- 
cy. Since the Cerenkov angle can be made small by 
optimizing the dimensions, the spread angle of the 
SHG light can be made small. 
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The present invention relates to an optical 
waveguide device and an optical second harmonic 
generator device in the form of Cerenkov radiation 
using the optical waveguide device. 

Upon the reception of a light radiation of an 
angular frequency a)(2irf. where f is a frequency), 
an optical second harmonic generator device 
(hereinafter referred to a "SHG" generates a sec- 
ond harmonic right radiation of an angular fre- 
quency 2o>. The optical SHG broadens the 
wavelength range to expand the laser application 
field and optimizes the utilization of laser fight in 
various technical fields. For example, the use of 
laser light of a short wavelength increases record- 
ing density in optical or magnetooptical recording 
and reproducing using laser light. 

A Cerenkov radiation type SHG, which applies 
a fundamental optical wave to a linear optical 
waveguide formed on an optically nonlinear single 
crystal substrate and generates a second harmonic 
wave, is disclosed, for example, in Applied Physics 
Letters. 17. 447 (1970), This SHG Is fabricated by 
forming a polycrystalline ZnS optical waveguide on 
a ZnO nonlinear single crystal substrate and is 
capable of generating a second harmonic having a 
wavelength of 0,53 urn by using a Nd:YAG laser 
emitting laser light having a wavelength of 1.06 
nm. However, since the waveguide is formed of a 
polycrystalline material, the SHG suffers from a 
large propagation loss. Furthermore, since the ZnO 
substrate has a small nonlinear d-constant. the 
SHG efficiency is considerably low. 

SHG disclosed in Japanese Patent Laid-open 
(Kokai) No. 61-189524 employs a LiNbOa - 
(hereinafter referred to as "LN") substrate with a 
proton exchanged LiNbOa optical waveguide. This 
SHG has a high SHG efficiency 17 of 1% or higher. 

The efficiency 17 of a Cerenkov radiation SHG is 
expressed by: 

i?ad2*pw»l 

where d is the d constant of the nonlinear optical 
material, p is the power density of the fundamental 
wave and I is the interaction length. Accordingly. It 
is necessary for the enhancement of the efficiency 
to use a material having a large d constant, to 
increase the power density of the fundamental 
wave and to increase the interaction length I. The 
value of the d constant of a material Is dependent 
on the geometric relation between the crystal ori- 
entation and the polarization of the fundamental 
wave. For LN, the maximum is |d33| = 34.4 x 
10-^2(nnA/). With proton-exchanged LN, only the 
refractive index for extraordinary light can be 
Increased. Since the surfaces of an X-plate and a 
Y-plate are roughened by etching during proton 
exchange, only a 2-plate (a substrate having major 



surfaces perpendicular to a z-axis parallel to the c- 
axis) of nonlinear single crystal LN can be used 
only for a TM mode, and hence a complicated 
system is necessary to couple the SHG optically to 
5 a semiconductor laser light source. The maximum 
difference An between the refractive index of the 
waveguide and the refractive index of the substrate 
is on the order of 0.14. Accordingly, the light con- 
finement performance, i.e.. the SHG efficiency, is 
w limited. Furthermore, proton exchange is effective 
only for LN. and LiTaOa or KTiOPO* (hereinafter 
refen-ed to as "KTP") cannot be used. 

Since the Cerenkov radiation angle when a 
SHG employing a LN substrate operates at its 
75 maximum efficiency is a comparatively large angle 
of about 16' , the generated second harmonic wave 
is reflected by the interface between the backside 
of the substrate and. for example, air and a plural- 
ity of light radiations are emitted when the inter- 
20 action length 1 of the substrate. i.e., the size of the 
substrate along the direction of travel of light, is 
increased to increase the SHG efficiency 7?. so that 
it is necessary to eliminate the reflected light radi- 
ations or to increase the thickness of the substrate. 
25 and a focusing optics for the generated second 
harmonic light is complicated. 

A SHG disclosed in Applied Physics Letters, 
50, 1216(1987) employs a nonlinear KTP single 
crystal substrate. An optical waveguide is formed 
30 on the nonlinear KTP single crystal substrate by an 
ion exchange process. This SHG utilizes mode 
dispersion In the optical waveguide, 

A KTP single crystal has a comparatively large 
nonlinear constant d^s of 13.7 x 10-^2 \^ 
35 transparent to light radiation in the blue light 
wavelength range, and has refractive indices nx = 
1.748. ny = 1,755 and n^ = 1.840 for a light 
radiation having a wavelength of 0.84 um. which 
are far smaller than those of LiNbOa (LN) and 
40 LiTaOa. 

However, the SHG efficiency of the SHG em- 
ploying an optical waveguide formed by an ion 
exchange process is practically excessively sen- 
sitive to parameters including the wavelength of the 
45 fundamental wave and the depth of the optical 
waveguide thus, it is rather difficult to practically 
utilize the ion exchange process. Accordingly, the 
practical application of a nonlinear KTP single cry- 
stal substrate, which has a small refractive index n 
50 and is expected to ensure the satisfactory light 
confinement effect of an optical waveguide formed 
thereon, to a SHG has been desired. 

Accordingly, it Is an object of the present in- 
vention to provide an improved optical waveguide 
55 device. 

It Is another object of the present invention to 
provide an optical waveguide device improved in 
propagation loss. 
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It is further object of the present invention to 
provide a second harmonic generator device using 
an optical waveguide improved in SHG efficiency. 

It is still further object of the present invention 
to provide a second harmonic generator device in 
the form of Cerenkov radiation having a small 
Cerenkov angle which is improved in efficiency and 
can simplify focusing optics. 

According to one aspect of the present inven- 
tion, there is provided an optical waveguide device 
which comprises a KTiOPO* single crystal sub- 
strate and an amorphous optical waveguide formed 
of TaaOs or Ta205 doped with Ti02. 

By optimising the dimensions, the Cerenkov 
angle of the SHG device using the optical 
waveguide can be made as small as 1 degree, and 
spread angle of the SHG light transverse direction 
can be made substantially equal to the Cerenkov 
angle. 

Figures 1 and 3 are enlarged schematic sec- 
tional views of the optical waveguide device in 
preferred embodiments according to the present 
invention; 

Figures 2A to 2C are enlarged schemafic sec- 
tional views to explain a process for manufactur- 
ing the optical waveguide device of the present 
invention; 

Figure 4 is a graph showing the refractive index • 
change In accordance to the Tl content In 7102 
doped TaeOs film; 

Figure 5 is a perspective view of a Cerenkov 
radiation SHG device in a preferred embodiment 
according to the present mvention; 
Rgure 6 is a view of a far field pattern of a SHG 
light radiation generated by a Cerenkov radiation 
optical SHG device embodying the present in- 
vention; 

Figure 7 is a graph showing the relation be- 
tween the power of a SHG light radiation gen- 
erated by a Cerenkov radiation SHG device em- 
bodying the present invention and Be; 
Figure 8 is a graph showing the relation be- 
tween the power of a SHG light radiation gen- 
erated by a conventional Cerenkov radiation op- 
tical SHG device and ec] 
Rgure 9 Is a diagrammatic view of assistance in 
explaining the definition of flc; and 
Rgure 10 is a sectional view of a conventional 
Cerenkov radiation SHG device. 
The present invention intends to solve the fore- 
going problems including a large propagation loss 
when tiie waveguide is formed of a polycrystalline 
material, the possibility of operation is limited only 
In the TM mode, and the limited maximum effi- 
ciency due to the insufficient refractive index dif- 
ference An, to achieve the practical application of 
the KTP substi-ate to an optical waveguide device, 
particularly, a SHG, to obtain an optical output at a 



high efficiency, and to improve the characteristics. 

The applicant of the present application pro- 
posed previously a Cerenkov radiation type optical 
second harmonic generator device (SHG) compris- 
5 ing a substrate formed of a nonlinear optical ma- 
terial, and an amorphous optical waveguide formed 
on the substrate and formed of Ta205 doped with 
Ti02 in U.S. Patent Application No. 424768/filed 
Oct. 20. 1989. This SHG is capable of operating at 
10 a high efficiency. The light confinement effect, 
hence, the SHG efficiency, has been improved by 
increasing the refractive index difference between 
tile KTP and tiie waveguide, and the focusing op- 
tics has been simplified by reducing the Cerenkov 
IS radiation angle through further studies. 

Fig. 1 Is an enlarged schematic sectional view 
of an optical waveguide device in a preferred em- 
bodiment according to the present invention, taken 
along the direction of travel of light. 
20 As shown in Rg. 1, the optical waveguide de- 

vice embodying the present invention comprises a 
KTiOPO* single crystal substrate (1). and an amor- 
phous optical waveguide (2) formed on the sub- 
strate (1) and formed of TaaOg. 
25 The optical waveguide device embodying the 

present invention comprising a KTP crystal sub- 
strate, and an optical waveguide formed, for exam- 
ple, of a thin film of TagOs provides a large refrac- 
tive Index difference An between the KTP substrate 
30 and the Ta205 waveguide in the range of 0.33 to 
0.42. and is capable of generating SHG light at a 
high efficiency. 

The KTP substrate reduces the Cerenkov radi- 
ation angle, simplifies the focusing optics for the 
35 generated light, and improves the characteristics. 

Although it has been impossible to generate a 
SHG light in a blue light wavelength range by the 
conventional SHG employing a KTP crystal sub- 
strate and an ion-exchanged waveguide, the optical 
40 waveguide device in accordance with the present 
invention is capable of satisfactorily generating a 
SHG light in a blue light wavelength range. 

The optical waveguide formed of Ta205 or 
Ta2 05 doped with Ti02 is deposited on a KTP 
45 single crystal substrate. When Ta20s doped with 
Ti02 is used, Ta205 is doped with Ti02 so tiiat 0 S 
Ti/(Ti + Ta) S 60 (atomic percent). 

As shown in Rg, 1, an optical waveguide de- 
vice 10 is fabricated by depositing nondoped 
50 Ta205 (Ti/(TI + Ta) = 0) in a so-called ridge 
optical waveguide 2 on a KTP single crystal a 
plate, i.e., a single crystal plate having surfaces 
perpendicular to the a-axis, as a substrate 1 . 

An example of a process for forming the op- 
55 tical waveguide device 10 will be described witii 
reference to Rgs. 2A to 2C. Rrst, as shown in Rg. 
2A, a Ta205 amorphous tiiin film 20 having a 
thickness, for example, of 2050A Is fomned by a 
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CVD process (chemical vapor deposition process) 
using tantalum pentaethoxide (Ta(OC2H5)5) over 
the entire area of the surface of a substrate 1 
formed of a KTP single crystal a plate. During the 
CVD process, the substrate Is maintained at a 
predetermined temperature. 

Then, as shown in Fig. 28. an etching resist 
mask 4 having the pattern of a desired waveguide, 
for example, a stripe perpendicular to the paper in 
Figs. 2A, 2B and 2C. is formed on the TaaOs 
amorphous thin film 20 by known photolithographic 
process. 

Then, sa shown In Fig. 2C. the TaaOs amor- 
phous thin film 20 is subjected to . for example, a 
RIE process (reactive ion etching process) to com- 
plete the optical waveguide device 10 having a 
ridge amorphous waveguide 2. 

As shown in Fig. 1. a TE mode light radiation 
having a wavelength of 0.84 um was projected on 
the optical waveguide device 10. In Fig. 1, incident 
light is indicated by an arrow a. light traveling 
through the optical waveguide 2 Is indicated by an 
arrow b, and SHG light is indicated by an arrow c. 
The refractive index n of the KTP substrate 1 is 
1.8396. the refractive Index n of the TaaOs optical 
waveguide 2 is 2.172. and the refractive Index 
difference An Is about 0.33. Thus, the optical 
waveguide device 10 generated blue SHG light 
having a wavelength of 0.42 urn at a high effi- 
ciency. 

The Cerenkov radiation angle 6 was 10*. which 
is small as compared as the radiation angle of 16* 
in the foregoing conventional optical waveguide 

device. 

Fig. 3 is a sectional view of an optical 
waveguide device 10 in a second embodiment 
according to the present invention taken on a plane 
perpendicular to the direction of travel of light As 
shown in Fig. 3, a ridge optical waveguide 2 of 
nondoped TagOs was formed, similarly to that of 
the first embodiment, on a KTP single crystal a 
plate as a substrate 1. Then, an upper cladding 
layer 3 of Si02 having a refractive Index n of 1.45 
was formed over the entire area of the surface of 
the substrate 1 including the optical waveguide 2, 
for example, by a CVD process. 

When TE mode laser light having a wavelength 
of 0.84 um was projected on the optical waveguide 
device 10, the Cerenkov radiation angle 6 was 6', 
and blue SHG light having a wavelength of 0.42 
um was generated. 

An optical waveguide device in a third embodi- 
ment according to the present invention was fab- 
ricated, similarly to the optical waveguide device in 
the second embodiment, by forming a ridge optical 
waveguide 2, which is similar to that in the first 
embodiment, by depositing nondoped TagOs on a 
KTP sfngie crystal a plate as a substrate 1, and 



then an upper cladding layer 3 was formed by 
depositing AI2O3 having a refractive index n of 1.6 
over the entire area of the surface of the substrate 
1 including the optical waveguide 2. for example. 
5 by a CVD process. 

When TE mode laser beam having a 
wavelength of 0.84 um was projected on the op- 
tical waveguide device, the Cerenkov radiation an- 
gle 6 was about 2*, and blue SHG light was 
10 generated. 

As is obvious from the second and third em- 
bodiments, the upper cladding layer 3 of an appro- 
priate material, such as AlaOa, formed over the 
optical waveguide 2 reduced the Cerenkov radi- 
75 ation angle, which is inferred to be due to the 
increase of the propagation constant for a fun- 
damental wave guided mode by the cladding layer 
3. 

Rg. 5 is a perspective view of a Cerenkov 
20 radiation optical SHG device embodying the 
present invention of Fig. 1. 

In Rg. 5, the optical waveguide device 10 
comprises a substrate 1 , such as a KTiOPO/j. (KTP) 
single crystal a plate (a single crystal plate having 
25 surfaces perpendicular to the a-axis of the crystal), 
and a channel optical waveguide 2 having the 
shape of a stripe formed, for example, of a Ta2 05 
film, on the substrate 1 as explained in connection 
with Rg. 1. 

30 By optimizing the width W. thickness h and 
length L of the optical channel waveguide formed 
of the TaaOs film, the Cerenkov radiation angle $ 
can be made not greater than 1 ' . For exapmie, W 
= 5 um, h = 2380A and L = 2.5 mm. 

35 When a TE-mode laser light beam a having a 
wavelength of 865 nm was projected as shown in 
Rg. 1 on one end of the Cerenkov radiation optical 
SHG device directly or through an optical system, 
not shown, a SHG light radiation b having a 

40 wavelength of 432.5 nm (= 865 nm/2) and a 
Cerenkov radiation angle of about 0.6* (central 
value) was generated. When the SHG light radi- 
ation b was condensed by an objective lens having 
an aperture number NA of 0.80 for a microscope, 

45 the SHG light radiation b formed a circular spot of 
about 0.6 um in diameter. 

Alghough the central value of the Cerenkov 
radiation angle is aobut 0.6*. the spreading of the 
Cerenkov radiation angle Is a little less than 1*. 

so The spread angle of the SHG light radiation in a 
transverse direction is a littel less than 1 * . 

Rg. 6 shows the far field pattern of the SHG 
light radiation in such a state. A far field pattern of 
a SHG light radiation having a Cerenkov radiation 

55 angle of about 16* ( alternate long and short dash 
line) is shown also in Rg. 6 for comparison. AS is 
obvious from Rg. 6. the SHG light radiation gen- 
erated by the Cerenkov radiation optical SHG de- 



4 



7 



EP 0 452 828 A2 



8 



vice in this embodiment has a small, circular far 
field pattern, while the SHG light radiation having a 
Cerenkov radiation angle of 16' has a flat, cres- 
cent field pattern and has a very large spread 
angle in the transverse direction. 

Thus, the Cerenkov SHG device in this em- 
bodiment fabricated by forming the stripe-shaped 
optical channel waveguide 2 of TazOs film in the 
optimum width W and thickness h on the substrate 
1 of a KTP single crystal a plate is capable of 
reducing the Cerenkov radiation angle to so small 
an angle as about 0.6* and thereby the spreading 
of the Cerenkov radiation and the spread angle of 
the SHG light radiation in the transverse direction 
to an angle substantially equal to the Cerenkov 
radiation angle. I.e.. about O.G*. Accordingly, the 
SHG light radiation has a substantially circular far 
field pattern, and hence focusing characteristics of 
the SHG light radiation can gtreatly be improved. 
Therefore, the SHG light radiation need not be 
focused by a conical lens, which is an essential 
component of the conventional Cerenkov radiation 
optical SHG device; The SHG light radiation can 
satisfactorily be focused nearly to the limit of dif- 
fraction by an ordinary convex lens or the like. 

Although some report says that the spread 
angle of the SHG light radiation in the transverse 
direction is univocally dependent on the width W of 
the channel optical waveguide 2, as stated above, 
the spread angle of the SHG light radiation in the 
transverse direction is dependent also on param- 
eters other than the width W of the optical channel 
waveguide 2, such as the thickness h and refrac- 
tive index of the optical channel waveguide 2 and 
the spread angle in the transverse direction is not 
univocally dependent on the width W of the optical 
channel waveguide 2. 

Although the perofmance of the Cerenkov radi- 
ation optical SHG device with the Incident laser 
light having a wavelength of 865 nm has been 
described, it is also possible to provide a Cerenkov 
radiation optical SHG device capable of generating 
a SHG light radiation having a Cerenkov radiation 
angle on the order of 0.6* with an incident light 
radiation of a wavelength other than 865 nm by 
providing the Cerenkov radiation optical SHG de- 
vice with a optical channel waveguide 2 having 
appropriate width W, and thickness h. 

Rg. 7 is a graph showing the relation between 
the power of a SHG light radiation generated by 
the Cerenkov radiation optical SHG device in this 
embodiment and having a Cerenkov radiation angle 
$ on the order of 0.6* and an angle Oc, which is 
the projection of the Cerenkov radiation angle d on 
a 2-y plane parallel to a plane including the optical 
waveguide 2 as shown in Fig. 9. In Fig. 9. a 
direction OC is the direction of travel of the SHG 
light radiation. Fig. 8 shows the relation between 



the power of a SHG light radiation having a Ceren- 
kov radiation angle $ on the order of 16* gen- 
erated by the conventional Cerenkov radiation op- 
tical SHG device shown in Fig. 10 fabricated by 
5 forming a proton-exchanged LiNbOa optical 
waveguide 102 on a substrate 101 formed of a 
LiNbOs single crystal z plate, and 6c, for compari- 
son. 

As is obvious from Fig. 7. the power of the 

10 SHG light radiation having a Cerenkov radiation 
angle on the order of 0.6* generated by the Ceren- 
kov radiation optical SHG device In this embodi- 
ment is concentrated in a narrow range of flc. and 
hence the SHG light radiation has a very high 

75 luminance. The power of the SHG light radiation 
having a Cerenkov radiation angle on the order of 
16 generated by the conventional Cerenkov radi- 
ation optical SHG device is distributed in a wide 
range of dc as shown in Rg. 8, arid hence the SHG 

20 light radiation has a very low luminance as com- 
pared with that of the SHG light radiation generated 
by the Cerenkov radiation optical SHG device em- 
bodying the present invention. 

The nondoped TazOs film employed as the 

25 optical waveguide 2 in the foregoing embodiments 
is formed dependent only on the temperature of 
the KTP substrate because TaaOs is a simple 
single-element oxide, and hence the nondoped 
Ta205 film can stably be formed in an excellent 

30 reproducibility. Being simple single-element oxides, 
the optical waveguide 2 and the upper cladding 
layer 3 employed in the third embodiment can 
stably formed in a excellent reproducibility. 

An optical waveguide 2 formed of TaaOs dop- 

35 ed with TIO2 provides an increased refractive index 
difference An and further enhances the SHG effi- 
ciency. 

Fig. 4 is a graph showing the variation of the 
refractive index for light having a wavelength of 

40 0.6328 um of a waveguide formed of TaaOs doped 
with TiOa with the Ti content, in which abscissa 
represents the ratio Ti/(Ti + Ta) (atomic percent) 
ordinate represents the refractive index n, and plots 
represent measured data. As is apparent from Fig. 

45 4, the refractive index n increases in proportion to 
the Ti content, the refractive index is 2.2 even 
when the Ti content is null, and hence the refrac- 
tive index difference An can sufficiently be large. 
When Ti/{Ti + Ta) exceeded 60 atomic percent, 

50 crystallization occurred. Therefore, a satisfactory 
amorphous optical waveguide 2 can be formed 
when 0 ^ Ti/(Ti + Ta) ^ 60. 

Although the foregoing embodiments have 
been described as applied to SHG. it is possible to 

56 apply the present invention to optical waveguide 
devices for various other optical communication 
equipments and optical integrated circuits. Having 
a large difference of the refractive index An, the 
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optical waveguide device of the present invention is 
capable of operating at a high light confinement 
efficiency and at a high light guide effective when 
applied to such purposes. 

As is apparent from the foregoing description, 5 
according to the present invention, the amorphous 
optical waveguide 2 of TaaOs or Ta20s doped with 
TiOa is formed on a KTiOPO* (KTP) single crystal 
substrate 1 as shown in Rg. 1 to make refractive 
index difference An between the substrate 1 and 70 
the optical waveguide 2, as large as 0.33 to 0.42. 
Thus, the optical waveguide device in accordance 
with the present invention is capable of generating 
SHG light at a high efficiency. 

Whereas SHG by the conventional ion-ex- is 
changed optical waveguide device employing a 
KTP crystal substrate is unable to generate SHG 
light in a blue light wavelength range, the optical 
waveguide device In accordance with the present 
invention is able to generate satisfactory SHG light 20 
in a blue light wavelength range. 

The use of a KTP substrate reduced the 
Cerenkov radiation angle to 10* or below. The 
upper cladding layer 3 of an appropriate material, 
such as AI2O3, (Si02)i.x{Ta205)x, formed over the 25 
optical waveguide 2 enabled further reduction of 
the Cerenkov radiation angle. Accordingly, even if 
the length of the substrate 1 along the direction of 
travel of light is increased to increase the length of 
the waveguide for enhancing the SHG efficiency ij, 30 
the increase of the thickness of the substrate 1 to 
avoid troubles attributable to the reflection of the 
Cerenkov radiation by the backside of the substrate 
or the complication of the focusing optics are un- 
necessary, the SHG characteristics are improved. 35 
and an optical recording and reproducing appara- 
tus employing the optical waveguide device can be 
formed in a simple construction. 

Furthermore, as stated with reference to the 
first to third embodiments, when the optical 4o 
waveguide 2 is formed of nondoped TaaOs, the 
Ta20s film can be formed in excellent reproduc- 
ibility in a rate-determined state dependent only on 
the temperature of the KTP substrate, because 
TaaOs is a simple single-element oxide. Still fur- 45 
ther. when both the optical waveguide 2 and the 
upper cladding layer 3 are formed of simple single- 
element oxides as in the third embodiment, the 
reproducibiiity of the film forming process can be 
stabilized. 

Claims 

1- An optical waveguide device comprising: a 

KTiOP04 single crystal substrate, and an ss 
amorphous optical waveguide fonmed of Ta205 
of Ta205 doped with Ti02. 



2. An optical waveguide device according to 
claim 1 . said amorphous optical waveguide is a 
channel optical waveguide. 

3. An optical waveguide device according to 
claims 1 or 2. further comprises a cladding 
layer formed over said substrate and said 
amorphous optical waveguide. 

4. A second harmonic generator comprising: a 
KTiOP04 single crystal substrate, and an 
amorphous optical waveguide formed of Ta2 05 
or Ta205 doped with TiOa, one end of said 
amorphous optical waveguide being supplied 
with an input light having an angular frequency 
of o). and generating a second harmonic light 
having an angular frequency of 2« with Ceren- 
kov angle 

5. A second harmonic generator according to 
claim 4, wherein said Cerenkov angle e is not 
larger than 1 degree. 

8. A second harmonic generator according to 
claim 4. wherein said Cerenkov angle e is not 
larger than 1 degree, and a spread angle of 
said second harmonic light in the transverse 
direction Is substantially equal to said Ceren- 
kov angle. 
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FIG. 2A 



FIG. 2B 



FIG.2C 
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FIG. 7 




FIG. 8 
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FIG. 9 
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